Abstract Two strains of cellular slime mold Dictyostelium discoideum, a radiosensitive mutant and the parental wild-type strain, were used to investigate the effects of cosmic radiation on viability and mutation frequency at the spore stage for about 9 days in Space Shuttle of NASA. We measured little effect of space environment on viability and cell growth in the both strains as compared to ground controls. The mutation frequency of the flown spores were similar to that of ground control. These results suggest that there could be no effect of cosmic radiation, containing high linear energy transfer radiation at about 0.9 mSv/day as detected by real-time radiation monitoring device on the induction of mutation at the spore stage.
Introduction
Manned space flight will be essential to the international "Space Station" which will be operational near the end of this century. Cosmic radiation consists of more ionizing radiation and high linear energy transfer (LET) beams than that on the surface of earth. Therefore, it is important to study the biological effect of cosmic radiation on organisms. Hence, this led us to investigate whether space conditions such as microgravity and cosmic radiation induces biological toxicity on the cell growth and mutation frequency in organisms.
To this aim, we have used a cellular slime mold, Dictyostelium (D.) discoideum. A simple eukaryote organism, D. discoideum, living among decaying forest leaves and in topsoil, is a member of a complex ecosystem of the soil. The amoeboid cells, which emerge from spores through swollen spores, can grow by feeding on bacterial cells. D. discoideum has been widely used for studies on cell differentiation and morphogenesis. In addition, Deering (1976, 1978) have established the isolation of the radiosensitive mutants of D. discoideum. Previous studies have characterized their DNA repair mechanisms (Tano et al., 1985; Deering, 1988) . The most radiation-sensitive mutant, gs13 strain, is sensitive to various DNA-damaging agents. This strain lacks DNA repair systems compared to the wild-type strain, NC4 which has normal repair systems (Ohnishi and Nozu, 1979; Deering et al., 1972) . Therefore, NC4 is quite resistant to most DNA-damaging agents. When graphed, NC4 shows extensive shoulders at low doses and exponential decrease in cell death at high doses of DNA-damaging agents in survival rate. In addition, treatment with X-rays, UV or DNA-damaging reagents induces inhibition of (Ohnishi and Nozu, 1979; Ohnishi, 1988) . Recently, we have reported normal cell differentiation and morphogenesis of D. discoideum strains in space environment (Ohnishi et al., 1997) .
In the present paper, we have investigated the mutagenicity of D. discoideum spores flown by a Space Shuttle "Atlantis (flight No. STS-84)". Preparation of spores. Amoebae were cultured at 22-23 ∞C with vigorous aeration in Pi-buffer containing bacterial cells. The doubling times of NC4 and gs13 are about 4 and 6 h in this liquid medium, respectively. When cell growth almost reached a static phase, the amoebae were washed twice with Pi-buffer and suspended to a concentration of 2 10 6 cells/ml. This cell suspension was spread on a membrane filter without bacterial cells and incubated for 2 days at 22-23 ∞C. Fruiting bodies appear after many stages of morphological changes. The amoeboid cells differentiate to root, stem, spore bag and spores. To complete spore formation requires about 24 and 36 h for NC4 and gs13, respectively. We collected the spore samples by adsorption on dry paper disk (8 mm in diameter, 0.7 mm in thickness, Toyo Roshi Kaisha, Ltd. Tokyo, Japan). We used it for experimental samples after drying with silica gel at about 5 ∞C. Other details were as described previously (Nozu et al., 1982) . Four paper disks with dried spores were packed in polypropylene bag (27 27 mm).
Materials and methods

Organisms
Dosimeter. A photograph of a dosimeter (125 (L)
125 (W) 10 (H) mm) including biological samples is shown in Fig. 1 . In the dosimeter, 18 polypropylene bags (3 3) in 2 layers containing spores and thermoluminescent detectors (TLDs) were sandwiched between two layers of plastic detector (CR-39). TLD is a small physical radiation dosimeter. CR-39 records the tracks of cosmic radiation three-dimensionally. Details of the physical mechanisms of TLD and CR-39 were described by Dr. Doke et al. (1996) . One dosimeter was exposed to cosmic radiation throughout the 6th Shuttle/Mir mission. In this mission, the Space Shuttle "Atlantis (STS-84)" was launched from the NASA John F. Kennedy Space Center (KSC), Florida, USA, on May 15, 1997, and landed at the KSC 9 days later. A similar dosimeter was left at KSC as control in this study. Germination of spores. The procedures were as described previously (Nozu et al., 1980) . Spores were suspended in Pi-buffer containing 0.4% Brij 58 and incubated for 5 min on ice, followed by two washing with Pi-buffer by centrifuging at 1000 g for 10 min. The suspensions of washed spores in Pi-buffer were heated at 45 ∞C for 30 min in a water bath, and cooled rapidly on ice for 1 min before adjusting the temperature of the suspension to 22 ∞C, followed by an addition of 0.1 volume of E. coli B s-1 cell suspension (2 10 10 cells). At this stage, it is zero time incubation for germination. They were incubated at 22-23 ∞C with vigorous shaking. The incubation time is shown in Fig. 2 . Three different stages of cells were present, namely, spores, swollen spores and emerged amoeboid cells. They were counted with a hemocytometer under a phase contrast microscope at suitable intervals during the incubation period. Mutation frequency. The procedures were in principle the same as those previously described (Deering and Sheely, 1977; Ohnishi et al., 1982) . After germination, the expression of mutation was achieved by incubating in suspension for 36 h with NC4 or 48 h with gs13. The methanolresistant mutants were counted by plating with bacterial cells on the nutrient agar plate (N-plate) (Bonner,1947) containing 3 % methanol. Plaques were counted daily for up to 7 days. The counts of viable cells were obtained as the number of the plaques with B s-1 cells on N-plate without methanol.
Results and discussion
Two strains of spores were taken into space and two strains were left on earth as controls. These were treated with 0.4 % Brij 58 and heated at 45∞C for 30 min to force extra germination. All the spores from the space sample and the controls in both NC4 and gs13 germinated, and the amoebae grew after the treatment. The change in the relative total number of three stages of cells (spores, swollen spores and emerged amoeboid cells) are shown in Fig. 2 . After the spores were incubated for about 3 h, the number of swollen spores began to increase with a concomitant decrease in the number of spores. The germination ability of these swollen spores were about 25 % in each experiment a group. As the number of swollen spores began to decrease from their peak value, the number of emerged amoeboid cells began to increase, and finally all the swollen spores were converted into amoeboid cells. The flown spores as well as the ground control spores showed normal speed in germination and growth. It was known that the emerging of amoebae from swollen spores were suppressed and delayed when UV-irradiated spores were germinated (Demsar and Cotter, 1981; Hamer and Cotter, 1982; Nozu et al., 1982) . However, there was no difference in the conversion rate among the three different groups of spores in both strains. The growth of NC4 and gs13 amoebae between the spores in the space sample and ground sample at KSC and at Nara Medical University as controls were examined. There was no difference in the growth rate of amoebae between the space and the ground control samples (Fig. 3) . On the other hand, the amoebae from gs13 samples grew more slowly than the amoebae from NC4 samples. The doubling times of NC4 and gs13 were about 4 and 6 h in this both condition, respectively, which were the same as the doubling times in usual experimental conditions. The shapes of fruiting bodies formed by amoebae were examined in spores flown into space and those left on earth as controls. When the amoeboid cells were treated with DNAdamaging agents such as X-rays or UV, abnormal differentiation can be induced in gs13, compared to NC4. It has been reported that a typical abnormal shape of double fruiting body was induced by Xrays (Deering et al., 1972) or UV (Ohnishi and Nozu, 1979) at 50 Gy or 25 J/m 2 , respectively. The double fruiting body consists of linearly connected two spore bags on one stalk. However, there was no difference between the space and the control NC4 samples in abnormality of fruiting bodies which were formed from the amoeboid cells emerging from spores. In addition, no other abnormal shape of fruiting body was observed in gs13 samples (data not shown).
The DNA-damaging treatments, X-rays, UV or chemicals inhibit cell division and cell differentiation, especially in gs13 compared to NC4. The degree of radiosensitivity of gs13 to ionizing radiation or UV was about 100 times compared to NC4. Moreover, the mutagenicity is also easily induced in the gs13 cells (Welker and Deering,1978; Podgorski and Deering, 1980) . The results of the mutation frequency of amoebae from the spores flown in space or left on earth is shown in Table 1 . In NC4 and gs13, there was no difference in the mutation frequencies between the space sample and the control. These values were in normal levels for both strains. In the present study, there appears to be no difference between spores flown in space and those left on earth with regard to their abilities of germination, cell growth the formation of fruiting bodies and mutation frequency. In this flight, Dr. Doke measured 0.8-0.9 mSv/ day of high LET radiation by a real-time radiation monitoring device (Waseda University, Japan; personal communication). The total dose of high LET radiation was calculated to be about 8 mSv. Therefore, we speculate that the total amounts of cosmic radiation may be too small to affect the spores.
On the other hand, it has been reported that microgravity enhances the radiation effects on abnormal development in Carausius morosus (Bucker et al., 1986) and mutation frequency in melanogaster (Ikenaga et al., 1997) . Even taking this into consideration, we speculate that space environment such as microgravity and cosmic radiation containing high LET radiation did not affect the germination, cell growth, morphogenesis and mutagenicity in D. discoideum spores. In this study, the spores were at resting stage and therefore no replication process was involved. It is known that the amoeboid cells of D. discoideum repair UV-damage after emerging from spores (Okaichi, 1987) . The results from this study show there is no difference in the germination rate and growth rate of amoeboid cells between the flown spores and the ground controls. Therefore, it is suggested that there is no effect of cosmic radiation on this flight at the spore stage. Further analysis is necessary to measure the exact dosimetry from the TLD and CR39.
